Abstract: Though the greenhouse whitefly, Trialeurodes vaporariorum (Westwood) (Hemiptera: Aleyrodidae) was introduced into China more than 60 years ago, the genetic diversity and structure of this exotic insect pest and virus vector have not been studied. To investigate the population genetic characteristics of this invasive species and to identify potential invasion routes, the genetic diversity and population structure of 17 collections of T. vaporariorum from nine provinces in China were analyzed using seven microsatellite loci. The results of the analyses indicated that the genetic diversity for the populations examined from the four provinces: Jilin, Ningxia, Guizhou and Qinghai, was lower than the genetic diversity of populations from the five provinces: Yunnan, Shandong, Shanxi,
Introduction
The greenhouse whitefly, Trialeurodes vaporariorum (Westwood), which has its origin in tropical or subtropical America (Mound & Halsey, 1978) , is an economically important pest of horticultural and ornamental crops, worldwide [1] . It is distributed on all continents except Antarctica [2] [3] [4] [5] [6] . The greenhouse whitefly is a polyphagous species, colonizing more than 250 host plants [7, 8] . It can be both a vector of plant viruses [9] [10] [11] [12] , and a pest, causing considerable damage to the plant by feeding in the phloem [1] . Under greenhouse conditions this pest can multiply quickly many generations [2] , and in addition, this whitefly has a propensity to develop resistance to insecticides [13] .
In China, T. vaporariorum was first discovered in Beijing during the 1940s. During the early 1960s, it was found in Tianjin, and then in Inner Mongolia in the 1970s [14] . Since the first serious outbreak of the greenhouse whitefly in fields and greenhouses in Beijing during 1976 [15] , it has reached pest status, causing damage to food crop and ornamental plants in a number of provinces including Xinjiang and Gansu in the 1990s. Currently, the greenhouse whitefly is known to be distributed in at least 22 provinces of China [14] . Though the greenhouse whitefly has existed in China for more than 60 years, its genetic diversity and population structure have not been studied to understand the extent of genetic differentiation, the number of distinct invasive events, and the routes by which these invasions have occurred. Such information will aid in understanding the invasion biology and microevolution of the greenhouse whitefly in China.
Extensive studies using molecular markers have provided estimates of the potential invasion routes, and of genetic characteristics of a number of invasive species [16] [17] [18] . For example, analysis of the genetic structure of the western flower thrips, Frankliniella occidentalis (Pergande) has revealed the invasion route and potential source of a secondary introduction in China [19] , which could be useful for avoiding further spread and/or additional introductions of this pest. Because introduced populations usually experience rapid genetic differentiation in new environments, genetic structure analysis can lend insights into the genetic characteristics, and the degree of expansion or contraction that has occurred in invasive species populations [20, 21] . Microsatellite loci have been used to study the genetics of insect populations because they are widely distributed in the genome, are inherited codominantly, exhibit abundant variation, and yield reproducible results [19, [22] [23] [24] .
The objective of this study was to determine the genetic structure and subsequent spread of the greenhouse whitefly, T. vaporariorum within China. To accomplish this, the genetic structure of 17 populations collected from nine provinces in China was analyzed using seven microsatellite loci.
Results and Discussion

Genetic Diversity
The values of genetic diversity indexes of the Chinese populations are provided in Table 1 . The average number of alleles per locus (Na) ranged from 2.1429 (Xining, Qinghai) to 5.000 (Yuxi, Yunnan), and the effective number of alleles (Ne) ranged from 1.4428 (Xining, Qinghai) to 2.4447 (Yuxi, Yunnan). The expected heterozygosity (He) ranged from 0.2324 (Changchun, Jilin) to 0.5061 (Yuxi, Yunnan), while the observed heterozygosity (Ho) ranged from 0.1068 (Changchun, Jilin) to 0.4550 (Xishuangbanna, Yunnan). The value of He in each population was higher than the value of Ho. Nei's expected heterozygosity (Nei) ranged from 0.2276 (Changchun, Jilin) to 0.4945 (Yuxi, Yunnan).
The population of Yuxi, Yunnan (YN3) had the highest value of He, at 0.5061, while the population of Changchun, Jilin (JL3) had the lowest value at 0.2324. The populations from Yunnan (YN1-YN3), Shandong (SD), Shanxi (SX), Liaoning (LN), and Gansu (GS1-GS2) exhibited a He value of greater than the mean value of He 0.3683. In contrast, the He values of the other 9 populations from four provinces (Jilin, Ningxia, Guizhou, and Qinghai) were lower.
Analyses of Genetic Structure within Populations
The estimator of the fixation index, Fis, was not significant, indicating that there was no sub-structure within all populations (Table 1 ). In testing for deviation from mutation-drift equilibrium in BOTTLENECK software [25] , the significant heterozygosity deficiency was not detected in the 17 populations. Significant heterozygosity excess was not detected in any population under either the TPM (two-phase mutation model) or SMM (stepwise mutation model), respectively. However, using the IAM (infinite allele model) a significant heterozygosity excess (p < 0.05) was detected in the six populations: QH1, QH2, GS1, YN1, YN2, and JL1 ( Table 2 ), indicating that they may have undergone a genetic bottleneck.
Analyses of Genetic Structure among Populations
The analysis using MICRO-CHEKCER software [26] showed that only two of the seven loci had low frequencies of the null alleles. The estimated null alleles frequency ranged from 0.09 to 0.19 among all populations. When considering each population pair, 128 of 136 Fst values (94%) were associated with a significant test ( Table 3) . Estimates of pairwise Fst values ranged from −0.0057 (GS1/GS2) to 0.5194 (QH3/JL3). Obvious variation in allelic diversity and heterozygosity was found among the different populations (Table 1 ). Evidence of isolation by distance was found, based on the Mantel test for correlation between pairwise Fst and geographic distance (r = 0.267; p = 0.002) (Figure 1 ). For each sample, the following genetic diversity indexes are indicated: sampling site, population code, date of collection, host plant, sample size (N), average number of alleles per locus (Na), the effective number of alleles (Ne), the observed heterozygosity (Ho), the expected heterozygosity (He), Nei's expected heterozygosity (Nei), allelic richness (Ar), estimator of the fixation index (Fis), and the Wilcoxon test p value for heterozygosity deficit, compared to expectations at mutation-drift equilibrium (Pwil). QH1  QH2  QH3  GS1  GS2  NX  YN1  YN2  YN3  GZ1  GZ2  SX  SD  LN  JL1  JL2 QH2 0.1661 The optimal number of clusters obtained with Evanno's ΔK method was two (Figures 2 and 3a) . Thus, analyses using STRUCTURE software [27] identified two distinct genetic clusters. Eight populations (NX, GS1, GS2, SX, QH1, QH3, YN1, YN2) formed one cluster, and nine populations (JL1, JL2, JL3, LN, SD, QH2, YN3, GZ1, GZ2) formed another cluster. Analyses using BAPS software [28, 29] identified ten genetic clusters overall (Figure 3b) , with three clusters consisting of only one population each: QH3, SX, and SD, respectively; the three populations QH1, QH2, and NX formed one cluster, the populations GS1 and GS2 formed one cluster, YN1 and YN2 formed one cluster, YN3 and LN formed one cluster, and GZ1 and GZ2 formed one cluster. 
Discussion
An investigation of the genetic diversity and structure of T. vaporariorum populations introduced into China beginning at least 60 years ago, has revealed new information about the genetic diversity and structure, based on the analysis of 17 populations from nine provinces using seven microsatellite loci. The results indicated that the genetic diversity for the populations from Jilin, Ningxia, Guizhou, and Qinghai was lower than for those from Yunnan, Shandong, Shanxi, Liaoning, and Gansu. T. vaporariorum populations formed two genetic clusters based on STRUCTURE analysis, and eight clusters based on BAPS analysis. The discrepancy in clustering between STRUCTURE and BAPS may have been due to the underlying model of admixture implemented by each program. Both genetic clustering analyses showed that Chinese populations of T. vaporariorum have significant genetic differentiation, which indicates multiple introductions of T. vaporariorum have occurred into China. The invasion pattern involving multiple introductions has been revealed in many invasive species including mosquitofish Gambusia spp., ctenophore Mnemiopsis leidyi, and caprellid Caprella scaura [30] [31] [32] . Multiple introductions are regarded as one main source for genetic diversity [33] , which is often associated with successful invasions of some species [34, 35] . Thus, we speculate that multiple introductions of T. vaporariorum have occurred into China, which might have been helpful to its successful invasion.
Of the 136 Fst values, 128 (94%) were associated with a significant exact test. However, the significant correlation was observed between Fst and geographical distance, suggesting that the spread of the populations was most likely associated with natural dispersal. The Fst data and analyses support the hypothesis that the introduced populations represent several distinct genetic lineages. Three possible explanations can be considered to explain the genetic differentiation of T. vaporariorum populations in China. One possible explanation could be a low rate of gene flow among the populations, which is known to result in the rapid genetic differentiation. The second possibility is that whitefly experienced rapid evolution to facilitate adaptation to new environments following the introduction. The genetic drift and natural selection resulting from exposure to some new plant hosts, climate, and management practices, all features that differ among regions in China, may have resulted in the selection of different variants [20] .
The genetic diversity analysis based on He values indicates that the populations from four provinces: Jilin, Ningxia, Guizhou, and Qinghai might represent a secondary introduction stemming from the Yunnan, Shandong, Shanxi, Liaoning, and Gansu populations. When the results are considered together with the STRUCTURE and BAPS analysis, Jilin populations appear to have come from Shandong, whereas, the Ningxia population is more closely associated with Qinghai. However, it is not clear which population represents the primary introduction. Further, an association between a single population pair (the LN population from Liaoning and YN population from Yunnan) was observed, which can be explained by long distance transport of infested plant materials.
The significant deviation from Hardy-Weinberg equilibrium (HWE) could have arisen from inbreeding, subpopulation structure, and/or null alleles. Null alleles can be ruled out as an explanation in this study. Our study revealed that only two of the seven loci had low frequencies of the null alleles and the estimated null allele frequency ranged from 0.09 to 0.19 among all populations. Dakin and Avise [36] concluded that when the null alleles frequencies are less than 0.2, their presence causes a slight underestimate of the average exclusion probability at a locus. Thus, the null allele in our study is unlikely to appreciably influence Hardy-Weinberg equilibrium. The test for deviation from mutation-drift equilibrium suggested that bottleneck effects did not contribute importantly during the genetic differentiation of T. vaporariorum in China. This is based on the observation that only 6 of the 17 populations exhibited significant heterozygosity excess, the signature of a bottleneck (under the IAM model), further because heterozygosity excess was not predicted under either the TPM or SMM models.
Overall, the genetic diversity and the distinct genetic structure revealed by the cluster analysis suggest the likelihood of multiple introductions into China since the initial introduction of this exotic species 60 years ago.
Experimental Section
Field Sampling
Adult T. vaporariorum were collected from cucumber, eggplant, and kidney bean plants in nine provinces throughout China during 2011-2012 (Figure 4 ). The sampling locations are shown in Figure 4 . At least 100 adult whitefly specimens were collected from whitefly-colonized plants at each location. A total of 413 individuals from 17 populations (average sample size of 24 individuals ranging from 12 to 27 per population) were genotyped. The host plants and sample sizes per location are listed in Table 1 . The whitefly specimens were stored in 95% ethanol at −20 °C until the DNA was extracted. (Figure 3a) . The codes are listed in Table 1 . QH1, QH2, and QH3 represent three populations from Qinghai. GS1 and GS2 represent two populations from Gansu. YN1, YN2, and YN3 represent three populations from Yunnan. GZ1 and GZ2 represent two populations from Guizhou. JL1, JL2 and JL3 represent three populations from Jilin. NX, SX, SD, and LN represent the population from Ningxia, Shanxi, Shandong, and Liaoning, respectively.
DNA Extraction and Microsatellite Genotyping
Genomic DNA was extracted from each individual adult T. vaporariorum using the DNAzol kit (Molecular Research Center, Inc., Cincinnati, OH, USA), and stored at −20 °C. The T. vaporariorum-specific primers (the forward primer CO1-F: 5'-GCCTGGTTTTGGCATTA-3', and the reverse primer CO1-R: 5'-GCTTATTTAGCACCCACTCTA-3') were used to amplify the mitochondrial cytochrome oxidase I gene fragment (752 bp in size) to determine the identity of each whitefly individual (patent number is CN201310192726.5), resulting in the confirmation of 413 individuals as the whitefly T. vaporariorum. The PCR reactions were performed in 20 μL buffer containing 2 μL 10× buffer, 1.5 mM MgCl 2 , 0.2 μM dNTPs, 1 unit Taq DNA polymerase, 2 μL template DNA and 0.2 μM of each primer. PCR amplification was carried out as follows: initial denaturation at 94 °C for 5 min, followed by 35 cycles of 30 s at 94 °C, 30 s at 50 °C, and 60 s at 72 °C, and a final elongation step at 72 °C for 30 min.
Seven pairs of microsatellite primers (code: Tvap-1-2, Tvap-2-2C, Tvap-3-3, Tvap-3-2, Tvap-1-1C, Tvap-1-3, and Tvap-1-4) were used to amplify the microsatellite loci using T. vaporariorum DNA as the template [37] . The primers and the annealing temperature were described in Table 4 . The PCR reactions were performed in 20 μL buffer containing 2 μL 10× buffer, 1.5 mM MgCl 2 , 0.2 μM dNTPs, 1 unit Taq DNA polymerase, 2 μL template DNA and 0.2 μM of each primer. PCR amplification was carried out as follows: initial denaturation at 94 °C for 4 min, followed by 35 cycles of 30 s at 94 °C, 90 s at the primer-specific annealing temperature (Table 4) and 60 s at 72 °C, and a final elongation step at 72 °C for 30 min. The PCR products were run on an ABI 3730xl DNA analyzer (Sangon, Shanghai, China) and the allele size was determined by comparing the mobility of the PCR products to the GeneScan™ 400HD size standard using GeneMapper software version 3.2 (Applied Biosystems, Shanghai, China). Table 4 . The seven pairs of microsatellite primers used in this study (as previously described in Ovcarenko et al. [37] 
Analyses of Genetic Diversity
For each of the 17 populations of T. vaporariorum, the average number of alleles per locus (Na), the effective number of alleles (Ne), the observed heterozygosity (Ho), the expected heterozygosity (He), and Nei's expected heterozygosity (Nei) were calculated using POPGENE v.1.31 [38] . The program FSTAT 2.9.3.2 was used to calculate allelic richness (Ar) [39] .
Analyses of Genetic Structure within Populations
The Weir and Cockerham's Fis [40] within each population was quantified with GENEPOP v.3.4 software [41] . Conformity to Hardy-Weinberg equilibrium was assessed with exact tests in GENEPOP v.3.4 with Markov chain parameters of 10,000 de-memorization steps, 1000 batches and 10,000 iterations per batch. To correct for multiple comparisons, a sequential Bonferroni correction was applied to both HWE tests. When deviation from HWE was detected, the presence of null alleles or/and scoring errors was estimated using MICRO-CHECKER [26] .
Deviation of the mutation-drift equilibrium in the populations was tested using the approach in BOTTLENECK software [25] . The heterozygosity deficit is used to test for population expansion, whereas the heterozygosity excess test is used to provide evidence of a genetic bottleneck. Using the Wilcoxon test, the heterozygosity deficit was evaluated under the two-phase mutation model (TPM) recommended for microsatellite data [42] . The possibility of bottleneck events within the 17 populations was examined under three mutation models (Two Phase Mutation Model (TPM), Infinite Allele Model (IAM), and Stepwise Mutation Model (SMM)) [25, 42] . The TPM model was used with the default settings of 30% variation from the IAM model, and 70% from the SMM model.
Analyses of Genetic Structure among Populations
The traditional population differentiation approach was based on Fst values. The Weir and Cockerham's estimator of the fixation index Fst [40] was calculated using GENEPOP v.3.4 [41] . The correlation between genetic differentiation and geographic distance was examined by Mantel test using IBDWS v.3.15 [43] .The distribution of genetic variation was investigated by performing an analysis of molecular variance (AMOVA) using ARLEQUIN v.3.5 [44] , and by calculating allelic diversity, heterozygosity, and pairwise values of Fst among 17 populations. The genetic clustering of samples was examined using STRUCTURE v.2.3.2 and BAPS v.4.14 [27] [28] [29] . Population structure analyzed using STRUCTURE v.2.3.2 employed the Bayesian clustering approach with a burn-in period of 50,000 iterations and one million Markov chain Monte Carlo (MCMC) repetitions under the admixture ancestry model. 20 independent runs were performed for each testing K value, ranging from K = 1 to 17, and ΔK was used to calculate the optimal number of genetic clusters (K) [45] . When estimating individual ancestry coefficients using BAPS v.4.14 [28, 29] , we used the recommended values that 100 iterations to estimate the admixture coefficients individual, 20 iterations to estimate the admixture coefficients for the reference individuals and 200 reference individuals from each population.
Conclusions
These results demonstrate that populations of T. vaporariorum in China exhibit significant genetic differentiation, indicating the likelihood that multiple introductions of T. vaporariorum into China have occurred. Also, the populations collected from the provinces of Jilin, Ningxia, Guizhou and Qinghai appear to represent secondary introductions originating from other Chinese provinces.
